Abstract No methods proposed thus far have the capability to measure molecular flow in live cells at the single molecule level. Here, we review the potentiality of a newly established method based on the spatial correlation of fluorescence fluctuations at a pair of points in the sample (pair correlation method). The pair correlation function (pCF) offers a unique tool to probe the directionality of intracellular traffic, by measuring the accessibility of the cellular landscape and its role in determining the diffusive routes adopted by molecules. The sensitivity of the pCF method toward detection of barriers means that different structural elements of the cell can be tested in terms of penetrability and mechanisms of regulation imparted on molecular flow. This has been recently demonstrated in a series of studies looking at molecular transport inside live cells. Here, we will review the theory behind detection of barriers to molecular flow, the rules to interpret pCF data, and relevant applications to intracellular transport.
Introduction
Molecular diffusion is a fundamental process in physical, chemical, biochemical, and biological systems. Great effort has been devoted to investigate this process in cells, by different methods and for a variety of relevant molecules (Phair and Misteli 2000; Politz et al. 2003; Seksek et al. 1997) . How intracellular diffusion is regulated does have significant physiological implications; as it determines the efficiency at which biologically active and inert molecules reach their target sub-cellular destinations. Given that diffusion is driven by thermally activated fluctuations and is dependent on the local viscosity, it cannot be regulated spatially and temporally unless the "local viscosity" can be rapidly changed by the cell. For small molecules, diffusion is essentially a default mechanism of motion. It has been postulated that structural features of the cell must impart retention at particular sites and control flux of movement between compartments (Lanctot et al. 2007; Phair and Misteli 2000) .
Current approaches to measure intracellular diffusion are based on fluorescence recovery after photobleaching (FRAP) (e.g., Calapez et al. 2002; Karpova et al. 2004; Seksek et al. 1997; Phair and Misteli 2000) , single particle tracking (SPT) (e.g., Levi et al. 2005; Dange et al. 2008) and fluorescence correlation spectroscopy (FCS) (e.g., Kim et al. 2007; Politz et al. 1998; Dross et al. 2009) (Fig. 1) . FRAP is a perturbation-based ensemble measurement that provides temporal information on the recovery of the concentration of molecules without knowledge of from where the fluorescence recovery originates (Fig. 1a) . SPT, on the other hand, although high in spatial resolution, requires the observation of isolated and large particles for a long time which yields poor statistics (Fig. 1b) . Moreover, the molecule of interest must be purified, properly labeled, and introduced into cells by complex experimental manipulations (e.g., microinjection, electroporation, permeabilization). FCS in contrast provides a single-molecule level of information in a selected intracellular location with good statistics by averaging the behavior of many molecules, and has thus emerged as the preferred method for studying the motions of intracellular molecules in live, unperturbed cells. Traditionally, FCS is performed as a single point measurement (spFCS) (Fig. 1c) (Hinde et al. 2011) . spFCS measures the average time a single fluorescent molecule employs to pass through a certain excitation volume (e.g., the point spread function, PSF, defined by the incident laser beam). If the volume of excitation is known, the local diffusion coefficient and concentration of molecules at the point of excitation can be derived. The limitation of this method of acquisition is that the spatial environment around the excitation volume and thus the route the molecules take prior to crossing the observation volume is not directly observed in the experiment. The idea of measuring correlation between separate points in the sample is not new. In the dual-foci FCS, for instance, two points are obtained by focusing two laser beams at a distance (fixed or variable). Using this approach, accurate measurements of diffusion coefficients can be achieved and the flow of molecules between the two points measured Korlann et al. 2008) . It has also been proposed that, by moving the illumination volume in a periodic pattern within the sample at a rate that is faster than the rate at which the molecules will move during a single scan period, the record of the intensity fluctuations along the path will contain spatial information about the location where the fluctuation occurred (Ries and Schwille 2006) . This approach is called scanning-FCS and is equivalent of performing many singlepoint FCS measurements simultaneously. The key advantage being that a spatial component is now introduced into the measurement.
There are different ways to acquire a scanning-FCS measurement as well as different methods of analysis to extract the spatiotemporal information within a given experiment. For example, with raster scan image correlation Fig. 1 Comparison of the different methods available to probe intracellular diffusion. a FRAP is an ensemble measurement that provides temporal information on the recovery of the concentration of molecules without knowledge of where the fluorescence recovery originates from. b SPT requires purification, labeling and microinjection of the molecule of interest into cells; furthermore, a high statistic is needed to recover the molecular trajectories accurately. c The information obtained by the classical single-point FCS analysis is intrinsically local (one point at a time can be sampled in the cell). d RICS is a spatial temporal correlation method that takes into account how the cellular environment tested interacts with the molecules of interest, as well as what causes the net rate of molecular transport observed. Given the symmetry of the RICS correlation function, however, the direction of the flow or the behaviour of molecules at large distance cannot be determined. e The pair correlation method can measure the directionality of molecular flow by correlation the fluctuations at an arbitrary pair of points in the sample. By doing this, it is sensitive to the presence of barriers and/or obstacles to molecular diffusion spectroscopy (RICS), the sample is scanned in a raster pattern and the spatiotemporal information within the acquired frames extracted using spatial correlation functions (Rossow et al. 2011; Digman et al. 2005) (Fig. 1d) . Thus, if a fluorescent molecule moves to a neighboring pixel, there will be a correlation in the intensity fluctuations at these two pixels with a certain time delay that is dependent upon the rate of diffusion and the size of the pixel. The unique feature of RICS is that, by adding a spatial component to the measurement via a raster scan, the process of diffusion and weak binding can, for example, be distinguished ( Fig. 1d) (Digman and Gratton 2009a) . Using RICS, we are able to probe more than just the temporal nature of diffusion and obtain a more accurate view of how the cellular environment tested interacts with the molecules of interest, as well as what causes the net rate of molecular transport observed. However, given the symmetry in the operation of calculating the RICS correlation-function, we cannot determine the direction of the flow or the behavior of molecules at large distance.
In this instance, we want to go one step further and determine where the observed molecular transport is going and how it is being directed by the presence of obstacles or scaffolds. Therefore, we need to extend the distance (>1 μm) over which we correlate the intensity fluctuations collected in a scanning-FCS experiment and use a different kind of correlation function which accounts for the direction of the motion. For this, we must apply a novel approach to spatiotemporal correlation analysis based on pair correlation functions (pCF) (Fig. 1e ) (Digman and Gratton 2009b) . The pCF method can show the diffusive (or directed) route taken by molecules along a scanning-FCS measurement by temporal cross correlation of every possible pair of points at a given distance in the pattern (Digman and Gratton 2009b) . By detection of the same molecule at two different locations, we measure the average time a molecule takes to move between these two locations. If there is a delay from the expected average time to diffuse the distance between the two points, we can make inferences about the existence of barriers to diffusion between those two points (Digman and Gratton 2009b) . This information cannot be obtained with FRAP or any other spatiotemporal correlation spectroscopy method. Instead, our method bridges two technologies (FCS and SPT) by providing single-molecule sensitivity in the presence of many molecules.
The pCF method thus offers a unique opportunity to probe the directionality of intracellular traffic, by measuring the accessibility of the cellular landscape and its role in determining the diffusive routes adopted by molecules. The sensitivity of the pCF method toward detection of barriers means that different structural elements of the cell can be tested in terms of penetrability and mechanisms of regulation imparted on molecular flow. This has been recently demonstrated in a series of studies of our group, looking at several different molecular transport mechanism on biological membranes, inside live cells or entire organisms Digman and Gratton 2009b; Hinde et al. 2010; Hinde et al. 2011) . At this stage, we will review the theory behind the pair correlation approach, the experimental requirements to properly detect barriers to molecular flow, and the rules to interpret pCF data. Thus, we envision an exemplary experiment by which we are able to detect several possible barriers to molecular flow outside, inside and between cells. This will guide the reader through the presentation of the most relevant applications of the pair correlation approach so far realised. Fig. 2 Schematic of the spatial pair-correlation method. The fluorescence intensity is rapidly sampled (compared with the motion of the particles) at several points in a grid (x, y) and repeatedly in time. An impenetrable barrier (black line) is placed in the grid defining two disconnected regions. Molecules are allowed to diffuse freely within both regions but not across the boundary. Only the same particle will produce an average cross-correlation with a given time delay at two different points in the grid. For example, the fluctuations of intensity at position (1,2) from molecule 'A' will correlate with the fluctuations at position (2,1) if the molecule 'A' is moving to that position. Analogously, the same molecule can be detected at position (3,4) in the grid, but after a certain delay due to the time needed to pass around the obstacle. Instead, if we consider the paths allowed for molecule 'B' to diffuse from position (2,3) we find that fluctuation of intensity will never correlate with points on the other side of the barrier. Thus, if we cross-correlate the intensity fluctuations at each point of the grid, we produce a map of molecular flow with a resolution given by the size of the PSF The pair correlation function method: theory and data interpretation
The basic idea of the pCF method is to statistically follow the same fluorescent molecule diffusing in the cell. The fluorescence intensity is rapidly sampled (compared to the motion of the molecules) at several points in a grid (see Fig. 2 ), and as molecules diffuse they appear at different points in the grid. Only the same molecule will produce a positive cross-correlation with a given time delay at two points in the grid. For example, a fluctuation in intensity at position 1 will statistically correlate with a fluctuation of the intensity at position 2 at a later time if the same molecule is moving (with some delay) from 1 to 2 (molecule 'A', dark trajectory; Fig. 2 ). If we place an obstacle to diffusion within the sampled grid, we could observe the same particle on the other side of the obstacle but with a delayed correlation (molecule 'A', blue trajectory; Fig. 2 ). Finally, if the obstacle is able to prevent molecular diffusion between two environments, we will see a discontinuity in the amount of correlation between points across the barrier (molecule 'B', red trajectories; Fig. 2 ). In the example of Fig. 2 , we use two-dimensional (2D) diffusion, but the principle of the method is valid for diffusion in 3D. The diffusion propagator is given by:
where C(r,t) can be interpreted as being proportional to the probability of finding a particle at position r and time t if the particle was at position 0 at t=0. The fluorescence intensity at any given time and position δr from the origin is given by:
where it is assumed that the fluorescence is proportional to the concentration, quantum yield Q, excitation-emission laser power, filter combination, and the position of the Fig. 3 Rules to interpret molecular flow in the pCF carpet. We simulate diffusion of a particle in a plane in the presence of a region with a barrier to enter and exit that can be impenetrable or penetrable. a The pCF carpet derived for the impenetrable barrier displays characteristic gap regions (absence of communication). b When communication is allowed between the two regions, the pCF carpet displays characteristic arc shapes due to delayed but positive communication. c We envision an experiment in which a line is scanned across different types of barriers: 1 the impenetrable gap between two non-communicating cells; 2 the nuclear envelope; 3 the nucleoplasm of the cell, where molecular diffusion will be evaluated with no 'a priori' knowledge. Panels (a) and (b) are partly taken from Hinde et al. (2011) particle in the profile of illumination described by W(r). The pCF for two points at a distance δr as a function of the delay time τ is calculated using the following expression:
We use the maximum of the derived pCF profile to determine the average time a molecule takes to travel the given distance (δr) and, because the measurement is exquisitely local to a pair of points, if there is a delay from the expected average time to diffuse the distance between the two points (expected on the basis of the mean square displacement law of diffusion), then we can make inferences about the existence of an obstacle or barrier to diffusion within the sample. By repeating the calculation at several pairs of adjacent locations, we can trace the contour of the barrier, if it exists.
In our approach, we use only one laser beam that is moved rapidly at different locations in a repeated pattern, for example in a line. The pCF profile calculated for each pixel along the line measured is displayed in a carpet representation: the xcoordinate corresponds to the point along the line where the pair correlation function is calculated and the y-coordinate corresponds to the pair correlation time in a log-scale. Upon encountering a zone that behaves as a barrier, molecular diffusion will either be directed around or through this zone, depending on the degree of penetrability. These two different diffusive routes give rise to a distinct pattern of pair correlation in the pCF carpet representation.
In Fig. 3 , we show through simulation how a penetrable barrier versus impenetrable barrier would appear in the pCF carpet representation. A line is scanned across two volumes which are separated by a barrier to molecular diffusion. As can be seen in Fig. 3a , if the barrier is impenetrable (molecules are diffusing within each of the two disconnected volumes but not across them) an absence of molecular flow is observed for diffusion in and out of the barrier, which causes characteristic gaps in the pCF carpet. In contrast, if the barrier is penetrable (molecules are allowed to diffuse across the barrier), there is a continuity of molecular flow, although with a delay, which causes characteristic arc shapes to appear in the pCF carpet (Fig. 3B) . These two cases set important rules for the interpretation of pCF carpets by simple visual inspection, allowing the identification of impenetrable barriers or just obstacles to molecular flow.
Molecular flow across obvious barriers: the border of non-communicating cells and the nuclear envelope
The border between two neighbor cells is an obvious barrier to diffusion, with no molecular transfer expected (7) carpets. The pCF(7) analysis highlights the presence of the impenetrable gap. The corresponding plot (right) does not yield a maximum of correlation in the gap (even at very long times). Scale bar 5 μm. d Here a line is scanned across the NE. e, f Intensity and pCF (11) carpets. The pCF(11) analysis highlights the presence of delayed communication across the NE. From the average pCF (11), two columns are extracted, 14 and 18, corresponding to regions of different cytoplasmto-nucleus transport kinetics (i.e. passive diffusion and active import, see text). Scale bar of the image 5 μm. Figure partly taken from Cardarelli and Gratton (2010) from one cell to the other, unless they are connected by specific channels (e.g. gap junctions) or cellular sub-structures (e.g. synapses). In our case, two adjacent CHO-K1 cells are expressing the fluorescent protein GFP throughout the cell (Fig., 4a) . This exogenous fluorescent marker has no significant interactions with the intracellular environment; thus, it is not expected to exchange between cells. If a line is scanned across the border of the two cells and the pCF is calculated, a gap in correlation is observed in the carpet at the position of the gap, indicating the absence of molecular flow at that position along the scan line. The position of the gap locates the barrier while its width is related to the specific distance chosen for the analysis (i.e. larger the distance, wider the gap). This result matches with what obtained by simulating the case of disconnected molecular flow (Fig. 3a) .
A second interesting case is the molecular transport across the nuclear envelope (NE). The NE is a crucial barrier across which both proteins and RNA have to be transported in a regulated manner (Gorlich and Kutay 1999; Macara 2001; Weis 2003) . The sole mediators of this exchange are nuclear pore complexes (NPCs), which span pores in the NE to connect the nuclear and cytoplasmic compartments. NPCs are constructed from multiple copies of ∼30 different proteins collectively called nucleoporins (Cronshaw et al. 2002) . Transport across the NPC has been reviewed in detail (Fahrenkrog and Aebi 2003) and can be divided into two modes. Small molecules, such as ions, metabolites, and intermediate-sized macromolecules, can pass unassisted by diffusion which becomes increasingly restricted as the particle approaches a size limit of ∼10 nm Hinde et al. (2010) in diameter (Paine 1975) . Above this threshold, molecules are ushered selectively by dedicated transport receptors, which recognize specific nuclear localization (NLS) or nuclear export signal (NES) peptides displayed by the cargo (Pemberton and Paschal 2005) . Molecular transport across the NE has been quantitatively addressed by the classical SPT approach, with the calculation of passive/active translocation times and trajectories at the single-molecule and single-pore level in permeabilized or microinjected cells (Yang et al. 2004; Kubitscheck et al. 2005; Dange et al. 2008; Herrmann et al. 2009; Ma and Yang 2010) . Here, we will show how similar results can be obtained using GFP, in unperturbed cells, and in the presence of many molecules. To this end, we use a GFP linked to a functional NLS and transfected into living CHO-K1 cells: the recombinant NLS-GFP protein can bind to molecular carriers mediating cytoplasm-to-nucleus active import as well as shuttle across the NPC by passive diffusion (its molecular weight is below the cut-off size limit of the NPC) (Cardarelli et al. 2007 (Cardarelli et al. , 2008 (Cardarelli et al. , 2009 ). The nuclear envelope barrier to NLS flow can be evaluated by sampling a line perpendicular to the NE and encompassing both the nuclear and the cytoplasmic compartments (Fig. 4b) .
In our measurements, the laser beam scans in one direction (left-to-right) but we can choose the orientation of the pCF analysis and thus automatically select the process of interest across the NE. Here, we selectively analyze cytoplasm-to-nucleus transport (active import + passive diffusion). The pCF(11)-carpet shows the NLS-GFP transit times being spatially distributed according to the distance from the NE barrier. In particular, the pCF analysis yields the fastest transit times (and the largest number of transit events as well) near the NE barrier. This result is not surprising, as it correlates with the intracellular localization of Impα and Impβ carriers, which are both locally accumulated on the NE (Cardarelli et al. , 2009 Ciciarello et al. 2004 ). Thus, close to the NE, we maximize the probability of detecting active transport events (fast); in contrast, distant from the NE, we average together all the possible events leading to successful transport (e.g., NLS- (8) analysis is further decomposed every 600 lines (300 ms) (right plot). Figure  partly taken from Hinde et al. (2010) receptor binding, docking to the NPC, passive or active translocation). This obviously leads to a broadening of the transit times observed from the cytoplasm to the nucleus. We unequivocally linked the fast component to carriermediated active import by showing two internal controls: (1) the fast cytoplasm-to-nucleus component (1-30 ms) disappears in energy depleted cells, replaced by the characteristic transit delays of passively diffusing molecules ; and (2) the classical import carrier Impβ shows cytoplasm-to-nucleus transit times (in the 1-30 ms range; Cardarelli and Gratton 2010) in perfect agreement with the values reported for the NLS-GFP cargo.
Molecular flow within the nucleus
So far, we have used the pCF approach to measure molecular flow across obvious barriers inside or among cells (the nuclear envelope and the gap between neighbor cells, respectively). What if the location of the barrier to diffusion is not known? Can the pCF unveil the presence of 'invisible' barriers? As a clear example of this property, we shall show the applicability of the pCF method to measure the intranuclear diffusion of an inert molecule, GFP, with respect to the position and density of chromatin. Given the absence of membranes separating intranuclear substructures, it has been postulated that other structural features of the nucleus (e.g., the chromatin itself) must impart divisions which control molecular flows and segregate different activities. A key emerging contributor to genome function is the architectural organisation of the cell nucleus and, given that chromatin fills up to 12% of the cell nucleus, it must be considered a major obstacle to molecular diffusion (Wachsmuth et al. 2000; Tini et al. 2002) .
As a first example, we will show the analysis of molecular flow directed by interphase chromatin using CHO-K1 cells stably expressing GFP and stained with Hoechst 33342 to label the DNA and thus provide an estimate of local chromatin density (Fig. 5a-c) . For each interphase cell tested, we performed several line scan experiments within the nucleus, with each line being deliberately positioned across a region of high chromatin density to test this zone as a barrier to GFP diffusion (Fig. 5d, e) . The selected line was scanned rapidly in the GFP channel and constructed into an intensity carpet (Fig. 5h) . First, we extracted the local diffusive information from the intensity carpet by calculation of the autocorrelation function (ACF) for in each pixel (Fig. 5i) . We found that the concentration of GFP inversely correlates with chromatin density, and the diffusive behavior in all chromatin environments adequately fitted to a 2-diffusive component model (Hinde et al. 2010) . From the diffusion coefficients derived, we found that GFP diffusion is neither impeded nor dependent upon chromatin density, which is in agreement with reported results (Wachsmuth et al. 2000; Dross et al. 2009 ). Thus, if there is a dependence of GFP diffusion on chromatin density, it must manifest itself on a length scale outside the resolution of the FCS technique employed (about 0.3 μm).
We therefore increased the distance at which we carry out pCF analysis from 0 pixels (ACF) to a distance over many pixels (microns) to test a potential dependence of the diffusive route adopted by GFP on chromatin density. In particular, we first investigate molecular flow in and out of the interphase chromatin by performing pCF analysis at a distance which cross-correlate pixels from either low-to-high or high-to-low chromatin density. For the example shown in Fig. 6a , this corresponds to pCF analysis at a distance of 8 pixels (0.8 μm), as indicated by the Hoechst-33342 intensity profile. In general, when testing this diffusive route, we find GFP diffusion from low-to-high or high-to-low chromatin density to be negligible on the time scale measured, as shown by the overall absence correlation in the pCF (8) carpet (Fig. 6b) . This result suggests the interphase chromatin to be impenetrable and the flow of GFP molecules to be directed around this barrier to diffusion. To test this alternate diffusive route, we next performed pCF analysis at a distance which cross-correlate pixels from lowto-low chromatin density around a high-density region and from high-to-high chromatin density around a low-density Fig. 7 Schematic representation of the 'burst' model. Two disconnected volumes are generated by the chromatin structure. The inert tracer GFP does diffuse throughout the high chromatin density networked channel (blue) as well as the low chromatin density surroundings, with intermittent bursts of molecules traversing the channel barrier (red arrows). Many possible intranuclear processes may be responsible for the observed GFP behavior. All of them are energy-consuming processes and involve the local dynamic rearrangement of chromatin structure region. At this distance [pCF(14) in Fig. 6c] , we observe communication around a high-density chromatin region (i.e. low-to-low) in the timescale of 1-30 ms and around a lowdensity chromatin region (high-to-high) in the timescale of 10-80 ms. In the pCF carpet, this diffusive behavior is observed as delayed positive cross-correlation surrounded by columns of zero cross-correlation due to the lack of molecular flow through the interphase chromatin (Fig. 6d) . If we observe absence of GFP molecular flow in and out of the interphase chromatin and yet GFP diffusion can be easily detected in both environments (Fig. 6e, f) , how did GFP get in and out of the chromatin in the first place?
One possible explanation is that the transit through a change in chromatin density is a rare event limited in time, and our analysis resulted in the small population of molecules performing this transit becoming difficult to detect in the time-averaged experiment. We therefore repeated the pCF analysis of molecular flow in and out the interphase chromatin, decomposing the time of acquisition into smaller time increments (seconds); to increase the probability of detecting a rare event (Fig. 6g) . Application of this temporal analysis to the columns originally observed to contain near zero correlation reveals intermittent periods of positive correlation; that is, bursts of communication. Furthermore, pCF analysis of the same 'bursts' in the opposite direction, reveals identical timing: thus these events are bidirectional (Hinde et al. 2010) .
Together with the observation that the bursts are dependent on metabolic energy (Hinde et al. 2011) , the results in interphase nuclei indicate that chromatin is organized as a networked channel which directs the diffusion of small molecules throughout and controls communication to the surrounding environment (Fig. 7) . It is worth noting that most nuclear processes taking place on the chromatin (e.g., transcription, DNA replication and repair, epigenetic regulation, etc.; Fig. 7 ) rely on metabolic energy. Furthermore, all these processes involve the controlled movement/rearrangement of the chromatin structure (Woodcock and Ghosh 2010; Soutoglou and Misteli 2007) . In particular, the timing of the bursts observed here Hinde et al. (2011) is in keeping with the temporal dynamics involved with intrinsic localized changes in chromatin structure (Levi et al. 2005 ). This observation, in turn, opens the important question of how do different chromatin architectures taking place during the cell cycle affect the diffusion of small molecules. For example, are the rules of communication established for molecular flow of inert molecules in interphase nuclei conserved in mitosis, where all the energy-dependent processes are turned off (Woodcock and Ghosh 2010) ? To address this issue, we measured the molecular flow of GFP in nuclei actively undergoing mitosis and during interphase, in the adult germ line of C. elegans expressing monomeric GFP (Fig. 8a) (Hinde et al. 2011) : a biological system which enables the concomitant measurement of both cell cycle stages (in one sample!) (Cinquin et al. 2010) .
The line experiments were thus conducted across a heterogeneous chromatin environment in each of the two cell cycle stages: (1) a dense region of interphase chromatin (Fig. 8B) or (2) a mitotic chromosome (Fig. 8C ). The pCF analysis was then performed along the line at a distance determined in each case by the intensity profile of the Hoechst-33342 stain (Fig. 7d, e) . For the interphase nuclei tested, we find that the disconnected molecular flow pattern previously observed in live CHO-K1 cells is conserved (pCF(9) in Fig. 8F ). For the mitotic nuclei, instead, we observe GFP to adopt a markedly different diffusive route upon encountering the chromosome (pCF(8) carpet in Fig. 8g ). In general, we observe GFP diffusion within both the low and the high chromatin density environments, with communication on the sub-millisecond time scale (free diffusion). We also observe flow of GFP through the change of chromatin density (border of the chromosome), with delayed communication occurring on the tens of millisecond timescale (obstructed diffusion). Together, these two observations cause the pCF carpet to mirror the shape of the chromosome that is being measured as a barrier: a characteristic arc shape upon entry into the chromosome, and another upon exit. This double-arc feature is analogous to that obtained upon simulation of a penetrable barrier (see Fig. 3 ).
In conclusion, we find that the molecular flow and mechanism of regulation imparted by chromatin (i.e. the passive obstruction in mitosis and bursts in interphase), that was initially observed in CHO-K1 cells, were also found in the C. elegans germ line. This in turn suggests that, despite differences in complexity, chromatin content and nuclear volume, the structural and functional rearrangements that chromatin must undergo during the cell cycle are retained on a more widespread level than cell type or organism. Fundamental questions remain as to which chromatin structural components (in the case of mitosis) or which chromatin-dependent activities/arrangements (in the case of interphase) are responsible for the observed regulation of molecular flow within the nucleus.
Future directions
The pair correlation method is a non-invasive, sensitive technique that follows the same molecule over a large area, thereby producing a map of molecular flow. Finally, we believe that many future developments can be built on this basis: the pCF method can be combined with other optical information (e.g., lifetime, polarization, etc.) and/or setups (e.g., orbital tracking, 2-channel acquisition, etc.) to provide a more detailed description of molecular transport in different intra-or extracellular environments. In a 2-channel acquisition, for instance, the pCF analysis (in this case better named as 'cross-pair correlation') has the potential to detect the molecular flow of interacting molecules, thus producing a 3D spatio-temporal map of protein-protein interactions and flow. In the near future, we envision the pair correlation approach as a common tool to look at single molecule behavior in cells, tissues, or live organisms.
